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middle. The upper part (the Attico) has on the top one horizontal layer of scintillators
in addition, one horizontal layer of passive nuclear track detectors is located in the
scintillation counters, ten layers of limited streamer tubes separated by absorbers;
Each lower supermodule consists of a horizontal sandwich of two layers of liquid
see Fig. 1. The completed detector is in operation since August 1995.
12 m >< 12 m >< 9.0 m ‘. The global dimensions of MACRO are 12 >< 77 rn >< 9 m,
(the Base) and six upper ones (the ‘Attico’). Each supermodule has dimensions of
As already stated, MACRO has a modular structure with six lower supermodules
2. The MACRO detector
etc. 3·4·5. Here will be discussed the detector and some recent physics results.
rays, high—energy neutrino astronomy, searches for magnetic monopoles, nuclearites,
sults were obtained on muon astronomy, composition of high—energy primary cosmic
A major run was performed with the lower six supermodules of MACRO. Re
and nuclear track detectors.
the three types of detectors used: liquid scintillation counters, limited streamer tubes
other sections were being completed or undergoing tests. Redundancy is offered by
redundancy. Modularity allowed completed sections of the detector to operate while
Two primary considerations in the design of the detector were modularity and
of electroweak and strong interactions.
for the supermassive magnetic monopoles predicted by the Grand Unihed Theories
and the searches for rare phenomena. MACRO has been optimized for the search
goals of the experiment are the detailed studies of penetrating cosmic ray particles
detector L2 installed in hall B of the underground Gran Sasso Laboratory 3. The main
MACRO (Monopole, Astrophysics and Cosmic Ray Observatory) is a large area
S wa 6 Z?1. Introduction
The MACRO detector is described and some recent results are discussed.
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three sides the clear PVC [see Fig. 2(b)]. The tubes operate in the limited streamer OCR Output
is PVC. The tubes use 100 nm anode wires and graphite cathodes which coat on
12 m; eight tubes are combined in a chamber of 25 cm >< 3 cm >< 12 m. The material
particles like muons. Each limited streamer tube has dimensions of 3 cm >< 3 cm ><
The main purpose of the limited streamer tube system is that of tracking crossing
measured spatial resolution for muons is 0 2 11 cm.
is UE / E 2 0.3/\/E, where E is in MeV. The energy threshold is about 5 MeV. The
crossing the counters. The measured time resolution is Q 0.8 ns; the energy resolution
record the light yield and thus the energy loss and velocity of slow and fast particles
dynode. Slow (20 MHz), fast (50 MHz) and very fast (200 MHz) waveform digitizers
coupling readout system consists of TDCS and ADCs on the PMT anode and the last
improves the optical coupling of the scintillator to the PMT. The scintillator/ PMT
the mixture is about 12 rn. The end chambers are filled with plain mineral oil which
of pseudocumene, wavelength shifters and anti·oxidants. The attenuation length of
liquid scintillator is based on a ultra—pure, low paraffin mineral oil with a mixture
dimensions of 12 m >< 50 cm >< 24 cm and are viewed bv one PMT at each end. The
Fig. 2(a). The vertical layers, which close the sides and ends of the detector, have
at each end with two 20 cm diameter hemispherical photomultipliers (PMT), see
of PVC tanks, of 12 m >< 75 cm >< 25 cm, lined with FEP teflon and equipped
of the energy losses and timing of crossing particles. The horizontal layers consist
The liquid scintillation counters are devoted mainly to accurate measurements
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and upper) is covered with nuclear track detectors (and also the north lower part).
layers of limited streamer tubes. In addition, the east side vertical wall (both lower
extreme lower ends of the detector are covered with one layer of scintillators and six
and four horizontal layers of limited streamer tubes. The vertical sides and the two
triggers are used for the detection of stellar collapse neutrinos and for slow monopoles. OCR Output
planes. A mixed streamer tube-scintillator trigger is also implemented. Specialized
a single tank and then for instance a coincidence between two counters of different
involved. The scintillator triggers require first a coincidence between PMTs within
6/ 10 horizontal layer majority and/ or a 7/ 20 majority when the vertical planes are
the streamer tube and scintillator detectors. The streamer tube triggers require a
Several triggers have been implemented to detect fast and slow particles in both
scintillation counters and/or streamer tube monopole candidates.
be used as a stand alone detector and in a ‘triggered’ mode, where the triggers are
of 3 CR39 layers, 3 lexan layers and one aluminium layer. The track—etch system may
arranged in ‘trains’ made of ‘wagons’, each of 25 cm >< 25 cm, consisting of a sandwich
side and a vertical wall in the lower part of the north side. The horizontal system is
a horizontal layer in the middle of the lower structure, a vertical wall in the east
measurements for magnetic monopoles. The main part of the track—etch system is
The main purpose of the nuclear track detector is that of offering independent
in a limited streamer tube.
sensitive volume of liquid scintillator is 1120 cm. (b) Calculated electric field configuration
one dynode of the two phototubes are connected separately in parallel. The length of the
Fig. 2. (a) Details of each end of the horizontal scintillation counters. The anodes and
(D)ta)








bundle is o· = O.7°
(about O.6°). The angular difference between pairs of muons within the sarne muon
than the angular resolution due to multiple coulomb scattering in the rock overburden
angular accuracy of 0.2° is obtained from the quoted spatial accuracy; this is lower
with muons crossing 10 horizontal planes, are 01 2 1.1 cm and JD 2 1.2 cm. An
26.5° stereo pickup strips (D—view). Spatial accuracies for the two views, determined
tri—dimensional readout is performed using signals from the anode wires (x-view) and
detection efficiency for low velocity monopoles via the Drell and Penning effects. A
regime with a gas mixture of 73% helium and 27% n-pentane. This provides good
(2) OCR Output1 - l —~/hi olh) — B 6hQ K
thickness. The data have been fitted to the function
ten horizontal planes of limited streamer tubes plotted as a function of standard rock
thickness determination. Figure 3 shows the measured vertical flux for muons crossing
to study the dispersion of the vertical intensity and thus check the reliability of the
Since for each bin several values of zenith and azimuth contribute, it was possible
The events have been divided into bins of equal rock thickness, each of 50 hg cm`
elevation map of the Gran Sasso Massif and several determinations of the rock density.
zenith direction z. The rock thickness h in that direction is obtained from a precise
intensity is given by Ig = Im cos z, where Im is the measured intensity at the chosen
the vertical muon intensity I0. For each bin in zenith and azimuth, the vertical
Vertical muon intensity. A sample of 3.9 million muons was used to measure
of underground muons.
underground laboratory. The same data were used to check the random arrival time
may be considered an X—ray ‘muon radiography’ of the Gran Sasso Massif above the
in local coordinates (azimuth and zenith) reflects the shape of the mountain: it
2, 3 TeV, multiple muons from primaries with > 20 TeV. The muon distribution
reach the detector. Single muons may come from primary cosmic rays with energies
average one of 3700 m.w.e.; thus a muon must have an energy larger than 1.4 TeV to
Muons reaching MACRO traverse a minimum path length of 3150 rn.w.e. and an
3. Underground muon flux
Fig. 3. On line display of a multimuon event with five widely separated muons.
3—muon event from the on—line display for the lower part.
as interface between the acquisition system and the user’s world. Figure 3 shows one
trol groups of supermodules. Two central VAX—4000—500 are used as file server and
The electronics and the microvaxes are distributed inside the Attico; microvaxes con
with respect to the digitising electronics and running in the VAXELN environment.
The data acquisition system involves a network of microvaxes acting as a front—end
background.
correspond to good muon events, while the remaining is mainly due to radioactivity
The overall rate of these triggers, largely overlapping, is about 1 Hz; about 1/3
the parent particle has not deviated. Thus a search may be made for celestial point OCR Output
remember the arrival direction of the parent high—energy particle with the hope that
Muon astronomy. In “muon astronomy" one assumes that high—energy muons
Fig. 4. Measured vertical flux for muons (cm`2 s‘1 sr“1) versus standard rock thickness.
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higher atmosphere to better than 1°C!
derground muons it is therefore possible to measure the effective temperature of the
regression analysis of the 1991-1993 data yields orqp == (0.39 i 0.05)%/OC. From un
the Aeronautica Italiana at different isobaric levels, from 700 mbar to 25 mbar. A
temperature Teff is obtained from a weighted average of temperatures measured by
the expression AI / I D = 0¢TATeff, where o4T is a temperature coefficient; the effective
tensity becomes greater when the atmosphere is warmer. The effect is analysed using
and kaon decays in the upper atmosphere (at depths of less than 200 mbar); their in
:1:1.4% amplitude which are repeated over the four years. The muons come from pion
search for seasonal variations. The muon rate of Fig. 4 shows clear variations of about
Seasonal variation. Selected muon data for the period 1991—1994 were used to
dNp,/dEdQ = AE‘“’ with 7 2 2.78.
The muon surface flux, obtained from the measured underground muon flux, is
X2/DoF = 76/52.
obtaining B : (1.81 ss 0.06) X 10-6 em-? 0* sr—‘, hl Z (1231 a 1) hg em-? and
than protons in producing multiple muons. The measurable distributions are: OCR Output
sensitivity to composition arises from the fact that heavy nuclei are more effective
and the chemical composition of primary cosmic rays with energies 2 50 TeV. The
Multiple muons. Multiple muons carry information about the energy spectrum
atmosphere (open circles, right scale) plotted against solar time for 1991-1994.
Fig. 5. Monthly muon rate (triangles, left scale) and effective temperature of the higher
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limits may differ by a factor of up to 2).
experiments use the Helene method to establish upper limits but most do not; these
From such plots one estimates the flux limits from the direction of Cyg. X—3 (some
in Fig. 5 a plot of the phase diagram for events coming from Cyg. X—3 is shown.
phase bin. The upper limit on a modulated sygnal is Fmod 3 3.8 >< 10*3 em-? s‘
period. The phase diagram does not exhibit any excess above background in any
For Cyg. X—3, MACRO searched for a muon signal modulated by the 4.8 h X-ray
and the Crab. The d.c. limits range from 6 to 10 >< 10*3 cm`2 s`
a d.c. signal were established for specific sources, Cyg. X—3, Her X1, 1E2259+59,
Asin6 = 0.04, where ci is the right ascension and 6 the declination. Upper limits for
million muons) in equal solid angle bins AQ = 2.1 >< 10‘3, with Aoi = 3.0° and
An all—sky search was made for point sources of muons, binning the data (14.6
to analyze data over a long period of time.
with certainty a variation of the muon flux from the direction of Cyg. X—3 one has
Some reports of muon excesses may be connected with these flares. In order to exclude
X—3 emitted radio flares with intensity increases of two or three orders of magnitude.
reports of an excess of underground muons from the direction of Cyg. X—3. Cyg.
sources, d.c. or modulated. The interest in muon astronomy started in 1985 with
is found to increase monotonically. The data exclude a primary beam composed of OCR Output
detected by MACRO and the (l0g10N€) of cluster size: the average number of muons
(4800 events) yielded the correlation between the average number of muons, (Nu),
rubidium clocks with a relative accuracy of 1 as. Data collected during 231 live days
with the energy of the primary cosmic rays. The timing of each event was provided by
thus possible to correlate the muon multiplicity with the shower size and therefore
with the array EASTOP, located on the top of the Gran Sasso mountain 5. It was
EASTOP—l\/[ACRO correlations. MACRO was operated in off—line coicidence
histogram is the simulation.
Fig. 6. Phase diagram for muon events from 1.5° half angle on Cygnus X—3. The dashed
Cyg X—3 Orbital Phose
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into muons of energy larger than 1.4 TeV
fore multimuon events may be used to search for massive long—lived particles decaying
The muons in the same bundle arrive at the same time to within a few ns. There
in models and simulations. Results are discussed by Palainara
the detector. ln practice one uses iteration procedures with continuous improvements
of cosmic rays, simulation of the cascade in air and in the rock, and a simulation of
nucleus and nucleus—nucleus), trial models of the energy variation of the composition
The analyses require a model of the hadronic interactions at high energy (nucleon—
of hadron jets.
ture was determined with the Jade algorithm used at LEP to determine the number
sample of high muon multiplicity events (2679 events with N M 2 8). The muon struc
tribution (see for example Fig. 6). (iv) The muon group structure searched for in a
derground muons versus separation and relative angles). (iii) The multiplicity dis
The decorrelation function (the double—differential distribution of the number of un
The decoherence function (the distribution of distances between two muons). (ii)
supernova was observed in the last 5 y. Also the other large detectors did not see any OCR Output
counting the number of events in 2 s, 3 s, .., 10 s sliding windows. No candidate
Searches were carried out using part of the detector. The analyses were performed
ry-ray from neutron capture. The efficiency for detecting such a *y—ray is globally 40%.
6-7 MeV to 1.5 MeV for 1 ms. Thus MACRO is sensitive to the delaved 2.2 MeV
counter, the threshold on that counter, and on neighbouring ones, is reduced from
calibrations of the scintillation counters. Once a trigger (primary) takes place in a
supernova neutrinos in the last few years. Some of the technical aspects concerned
MACRO presented papers dealing with technical aspects and with a search for
A collapse at the centre of our galaxy should yield 25 times more neutrinos.
Only Supernova 1987A in the Large Magellanic Cloud was observed with neutrinos.
the average e‘ or e+ energy is about 2 MeV larger than the average neutrino energy.
of about 180 ns. Because of the dependence of the cross-section on neutrino energy,
diately, e+e` -—> 27, whilst the neutron is moderated and captured after a mean time
energetically possible only on free protons. The produced positron annihilates imme
of liquid scintillator of MACRO: Uep —> ne+, with 0 : 7.5 >< 10`44 E3 (Me)/2 cmg),
with an energy of 10-14 MeV. Electron antineutrinos may be detected in the 590 t
the residual neutron star. Typically 4 >< 10°' neutrinos of each species are emitted
ergy released during a stellar collapse is at least the gravitational binding energy of
longer than the free—fall time and leads to the formation of a neutron star. The en
exceed the Chandrasekar limit. In such a case the core implodes in a time slightly
and nickel. Further burning in the shells surrounding the core may make the core mass
monuclear processes, ultimately leading to the formation of a core composed of iron
ingly heavier nuclei are produced and then burnt at their centres in a chain of ther
Neutrinos from stellar collapses. Massive stars evolve gradually as increas
where annihilations of Wll\/IPs could take place.
Bang. Neutrinos of (1-100) GeV may also come from the Sun and from the Earth,
Universe, moreover, should be filled with ‘f0ssil’ low-energy neutrinos from the Big
point sources. Thus the number of neutrinos in the Universe is increasing. The
energy neutrinos, with hundreds of gigaelectronvolts, may come from non—therrnal
energy neutrinos (~ 14 MeV) come in bursts from supernovae explosions. High
1 MeV come continuously from the interior of stars like the Sun; slightly—higher—
of neutrinos, which allows to look directly at their sources. Low—energy neutrinos of
The interest in neutrino astronomy is connected with the great penetrating power
4. Neutrino Physics and Astrophysics
spectrum.
((A) 2 4), which is either constant or rises slowly across the knee of the cosmic ray
only protons or iron nuclei, and are consistent with an intermediate mass composition
like the study of high energy neutrino astronomy. But atmospheric neutrinos are OCR Output
the source of unavoidable background for many subjects of underground experiments,
Neutrino oscillations. Atmosferic neutrino events are usually considered to be
the dark matter. Majorana neutrinos are also excluded.
the Dirac heavy neutrino with masses up to 300 GeV as an important component of
and with the results of direct searches these experiments have essentially excluded
No signal was detected. Together with other undergrounds limits 6*7, with LEP results
The MACRO detector has looked for high energy neutrinos coming from the Sun.
leptons. These would subsequently decay into high energy neutrinos.
of the Sun (Earth) and would annihilate into heavy quark—antiquark pairs or tau
the Sun (Earth) by coherent scattering with nuclei, would concentrate in the centre
nuclei of the detector. We are here interested in WlMPs which could be captured by
detected directly with detectors like germanium, through coherent scattering with the
could be heavy neutrinos and the lightest supersymmetric particle. They could be
Massive Particles (WIMPS), with masses of tens of GeV. Examples of such particles
the galaxy halo. Possible components of the dark matter could be Weakly Interacting
presence of dark matter in our galaxy is suggested by the rotation curves of stars in
Neutrinos from WIl\/[Ps annihilating in the Sun or in the Earth. The
flux limits at the 2 >< 10*4 cm`? s`l sr`1 level.
number of events expected from atmospheric neutrinos. MACRO quotes 90% C.L.
rection, determine the number of events in that circle and subtract the corresponding
consider an error circle corresponding to the resolution of the detector about that di
results naka,stone. In order to establish a flux limit for a specific source one may
Several large underground experiments performed such a search with negative
background.
itself as an excess of events (in a certain direction) above the atmospheric neutrino
events on a sky plot of declination versus right ascension. A source would reveal
for extraterrestrial sources may be performed by plotting the neutrino induced muon
may be emitted by X—ray binaries and by expanding supernovae shells. The search
the effective muon multiple scattering angle in the rock. High—energy muon neutrinos
neutrinos it is necessary to have angular resolutions of about l°, which is larger than
angle is small and the effective target mass is large. In order to see point sources of
flight in scintillators from downward—going muons. At very high energies the l/*,1}.
abundant cosmic-ray muons. Upward—going muons may be separated by time—of—
Downgoing muons from neutrino interactions are indistinguishable from the more
part of MACRO and in the rock surrounding the detector leading to upgoing muons.
tected through their charged-current interactions in the material inside the lower
High—energy neutrino astronomy. High—energy muon neutrinos can be de·
quick off—line analysis, and a number of quick checks.
started a supernova watch: it includes a continuous recording on—line, an alarm, a
candidate after SNl987A. MACRO, running with a total mass of 590 t of scintillators
10 OCR Output
using the Bartol flux is shown in the shaded regions with a $15% systematic error range.
bars are the point—by—point estimates of the systematic error. The Monte Carlo expectation
equivalent to 0.65 y with 6 lower supermodules. The extensions to the statistical error
Fig. 7. Distribution of cos (zenith) for the upgoing muon flux for a data tacking period
cos(zenith)
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run and when all systematic uncertainties will be understood.
MACRO should be able to give an important contribution at the end of the current
the results together with the predictions.
neutrinos calculated by a number of authors differ by at most 15%. Figure 7 shows
of the experimental apparatus (disappearence experiment). The fluxes of atmospheric
calculated on the basis of the knowledge of the neutrino iiux, of the cross sections and
based on a small number of events. This number has to be compared with the rate
inside the 5000 tons of the detector. The first results presented by MACRO are
the Attico, MACRO is now able to detect also muon neutrinos via their interactions
this purpose and only high energy muons are detected with high efficiency. With
rock surrounding the detector: in practice only upward going rnuons are usable for
The lower part of MACRO detects muon neutrinos via their interaction in the
because of the large range of distances travelled by atmospheric neutrinos
neutrino properties. The search for neutrino oscillations could be rather sensitive
sensitive to neutrino oscillations and thus may provide important informations on
ll OCR Output
Fig. 8. Flux limits on nuclearites versus their B : 0 / c.





10*2 L- Ifrorn the Earth
Escape Velocity
10*11
the calibration of the CRBQ nuclear track detector
may be obtained by the CR39 track-etch detector; moreover a single curve describes
the MACRO nuclear track detector: Fig. 9 shows the good charge resolution which
rnonopoles is discussed by Giacomelli 8. Here we shall only mention the calibration of
leave completely open the question of monopole abundance. The search for magnetic
charges g = ngpim : nc/2e = n68e, with n = 1, 2, . However, these theories
the existence of magnetic monopoles with large mass, 2, 1016 GeV, and magnetic
Grand Unified Theories (GUTs) of strong and electroweak interactions predict
should improve considerably this limit.
with m < 0.1 g which cannot penetrate the Earth (Fig. 8). Data already available
than 0.1 g (which can penetrate the Earth); the limit is 12 >< 10*5 for nuclearites
B > few 10* at the level of 6 >< 10`15 cm`2 s`1 sr`1 for nuclearites with mass larger
performed as a byproduct of magnetic monopole searches, yielded an upper limit for
search was performed by a variety of experimental techniques. The MACRO search,
a few gigaelectronvolts to the mass of a neutron star. Because of this wide range, its
"11uclearites”, may be the true ground state of QCD and may have a mass ranging from
The hypothesized stable phase 0f quark matter, called strange quark matter or
12
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running with the completed detector should further improve the situation.
results, with considerably increased precisions, on a variety of subjects. The present
The results obtained with the six lower MACRO supermodules confirmed previous
6. Conclusions
relativistic nuclear fragments.
F ig. 9. Charge resolution of the MACRO CR39 nuclear track detector measured with
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